The effect of sequential treatments of pressure (50-150 MPa, 10 ºC, 5 min) and temperature (57 ºC, 15 min) on the survival and bacteriocin production of Pediococcus acidilactici HA-6111-2 cells in the exponential growth phase was assessed. The growth curves were fi tted with the modifi ed Gompertz model, and the estimated maximum specifi c growth rate was considered to be pressure dependent. A delay in the maximum value of bacteriocin production was registered for more severe pressure conditions, but it was found more notorious for pressure followed by temperature treatments. At lower pressure intensity treatment, regardless of the application order, there was an enhancement of bacteriocin production per cell when compared to the control while maintaining the maximum production value. Bacteriocin production after the treatments can be described by an exponential model.
Biopreservation of foods could be an effective approach to solve microbial spoilage of food products, to reduce foodborne illness and to address the concern of consumers about the safety of chemical preservatives (PAPAGIANNI & ANASTASIADOU, 2009 ). Therefore, the search for natural food preservation methods is desirable and has received increasing attention in recent years. Previous reports suggest that bacteriocin-producing bacteria are one of the most promising natural food biopreservatives (LEROY et al., 2003) , and lactic acid bacteria (LAB) with bacteriocin-producing abilities, such as pediococci strains, could be used in food manufacturing processes to control the growth of Listeria monocytogenes (DICKS et al., 2004) often encountered in fermented foods (FERREIRA et al., 2006) . Application of bacteriocins as biopreservatives has proven to be effective along the food chain (e.g. veterinary, aquaculture, and agriculture) (DIEZ-GONZALEZ, 2007; HOLTSMARK et al., 2008; BAKKAL et al., 2012) .
Non-thermal processes, such as high hydrostatic pressure (HHP), can effectively enhance the safety and shelf life of several food products lacking chemical preservatives without compromising their organoleptic properties and nutritional qualities (RENDUELES et al., 2011; SHANKAR, 2014) . HHP has been often described as an economical and technological alternative to thermal processes (MARTÍNEZ-RODRÍGUEZ et al., 2012; SHANKAR, 2014) . In the hurdle concept, simultaneous or sequential techniques that act synergistically are applied to control microorganisms in foods. Combining barriers such as biopreservation and HHP could be an attractive way to prevent growth of foodborne pathogens. P. acidilactici and their bacteriocins are promising natural food preservatives to control L. monocytogenes, but the effects of HHP on P. acidilactici are scarcely reported at the present time. Pressures within the range of 400 to 600 MPa are often applied in the food industry. Recently, CASTRO and coworkers (2015) demonstrated that although P. acidilactici HA-6111-2 was inactivated by pressures ≥400 MPa, pressures of ≤200 MPa did not affect bacteriocin production when compared to non-treated cells. Therefore, if used in combination with pressure treatments, bacteriocinogenic LAB cultures might play active role in the control of pathogens when low pressures are used. At ≈300 MPa, processing costs are lower and still can guarantee food safety (SHANKAR, 2014) . As an example, at a certain time and temperature, an increase from 300 to 400 MPa can imply a raise of US $0.013/kg of cheese (MARTÍNEZ-RODRÍGUEZ et al., 2012) . Another problem related with LAB bacteriocin commercialization is the low production yields, and as such an enhancement of bacteriocin production should also be addressed. It has been observed that production of bacteriocins is infl uenced by the bacterial growth phase (GARCIA et al., 2016) , medium composition (HALAMI & CHANDRASHEKAR, 2005) , and culture conditions (MATARAGAS et al., 2003) . In addition, bacteriocin production can be induced by exogenous factors (NEYSENS & DE VUYST, 2005; ZAMFIR & GROSU-TUDOR, 2009; VRANCKEN et al., 2011) or exhibit auto-induction (HAKIM et al., 2007) . Presently, little information is available about the effect of such exogenous factors, including low pressures, on the bacteriocin production. The aim of this study was to evaluate the effect of sequential pressure-temperature treatments in the survival and bacteriocin production of P. acidilactici HA-6111-2 cells in the exponential phase of growth.
Materials and methods

Strains and stock cultures
Pediococcus acidilactici HA-6111-2 and Listeria innocua 2030c were selected from the Listeria Research Center from Escola Superior de Biotecnologia (LRCESB) culture collection. P. acidilactici HA-6111-2 cells in the exponential phase of growth (ca. 5 h, 10 7 CFU ml -1 ) were inoculated at 1% (v/v) in de Man, Rogosa and Sharpe (MRS) broth (Difco Laboratories, Detroit, USA), at pH 6.3.
Experimental conditions
1.2.1. High hydrostatic pressure treatment. Aliquots (36.0 ml) of P. acidilactici HA-6111-2 cell suspensions at the exponential phase were transferred into sterile bottles, aseptically double packed in low permeability polyamide-polyethylene bags (PA/PE-90, AlbipackPackaging Solutions, Águeda, Portugal), and vacuum-sealed to keep out air. The bottles were placed in the high-pressure unit (Unipress Equipment Division, Institute of High Pressure Physics, Warsaw, Poland) and the pressure (HHP) treatments ranged from 50 to 150 MPa (10 ºC, 5 min).
Sequential treatments.
For the sequential treatments, aliquots of P. acidilactici HA-6111-2 were prepared as described in subsection 1.2.1. A 5 min come up period was considered for the temperature treatment (57 ºC) and further considered as time 0. A lag period of 2 min was implemented when samples changed from one treatment to the other. Application of pressure followed by temperature was designated as HHP/T, while the other sequence was noted as T/HHP.
Cell growth and bacteriocin production
P. acidilactici HA-6111-2 treated and non-treated cells at exponential growth phase were cultured in MRS broth (pH 6.3), in duplicate, for 24 h at 37 ºC. The optical density (610 nm) was recorded every hour, and cell enumeration and measurement of bacteriocin activity were performed every three hours. Bacteriocin activity (AU ml -1 ) was determined according to VAN REENEN and co-workers (1998) using L. innocua as the target microorganism.
Mathematical data analysis of growth curves
The modifi ed Gompertz model (Equation 1) was applied to the growth curves in order to determine the maximum specifi c growth rate (μ max , h -1 ), the lag time (λ, h), and the maximum reached value (A, dimensionless). (1) N (CFU ml -1 ) represents the population density at time t (the index 0 denotes initial values). The mathematical model was fi tted to duplicate sets of growth curves data using SPSS ® 17.0 for Windows.
Results and discussi on
P. acidilactici HA-6111-2 stability
According to Figure 1 , both low intensity pressures (50-150 MPa, 10 ºC, 5 min) and temperature (57 ºC, 5 min) treatments alone induced ca. 1 log cycle reduction when compared to non-treated cells. No signifi cant (P<0.05) differences were registered within the applied pressures due to the fact that low intensities were used. These results are in accordance with previous studies related to pressurization of P. acidilactici cells in the late exponential phase (HOLTSMARK et al., 2008) as signifi cant (P<0.05) inactivation only occurred for pressures ≥200 MPa. The same authors stated that there was good correlation between the log CFU ml -1 and the pressure level applied for ≥100 MPa, but in the present work such correlation was not observed, cells might be not be sensitive to the pressure range or even to variations of 50 MPa (from 100 to 150 MPa). The effect of processing conditions related to temperature and pressure at cellular level is often reported as a simultaneous application of both factors, while the present work focused on sequential treatments. When the heat treatment or HHP was introduced seperately, there was ca. 1 log reduction on P. acidilactici HA-6111-2 (P<0.05). Sequential treatments of HHP/T induced a 0.3-0.6 log CFU ml -1 reduction when compared to the ones subjected to pressure treatments alone. Higher reductions (0.4-1.9 log CFU ml -1 ) were obtained for T/HHP treatments when compared to thermal treatment alone. For pressures ≥100 MPa, the decrease became more pronounced when temperature was applied fi rst. 
Growth and bacteriocin production
The modifi ed Gompertz model has successfully been applied to growth curves of P. acidilactici HA-6111-2 at the exponential growth phase, and the derived key growth values are presented in Table 1 . The sequential treatments of pressure and temperature infl uenced (P>0.05) the μ max at higher pressures (≥75 MPa), and the effect was more enhanced for temperature followed by pressure (T/HHP). For both sequences, with the exception of HHP(50)/T, the estimated μ max was considered to be pressure dependent: the experimental data were fi tted into a linear model, with a good correlation (HHP/T: μ max = -8.4×10 -4 P+0.243; R=0.985; T/HPP: μ max = -1.44×10 -3 P+0.448; R=0.864). Contrary to the conclusions of CASTRO and co-workers (2015), for pressure treated (200-500 MPa) P. acidilactici HA-6111-2 in the stationary phase of growth no correlation was found between A and pressure. The order of the sequential treatments was relevant; higher survival values were observed for cells fi rstly submitted to pressure (HHP/T), and mainly for higher pressure values. Under the applied experimental conditions, no reliable estimates regarding the λ were obtained due to limited data. Values with different letters in the same column are signifi cantly different (P <0.05).
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Cells presented a maximum value of bacteriocin production of 6400 AU ml -1 between 18-21 h, followed by a decrease down to 1600 AU ml -1 (Fig. 2) . Similar results were previously reported and attributed to the reduction of pH due to production of lactic acid as the LAB cells grow, adsorption to cells, or bacteriocin aggregation (AANSEN et al., 2000) , and/ or to the production of proteolytic enzymes by the cells in stationary growth phase (IKRAM-UL & MUKHTAR, 2006) . The antimicrobial activity of bacteriocin produced by P. acidilactici HA-6111-2 after sequential treatments is plotted in Figure 2 (A and B) . The sequential treatments of T/HHP (Fig. 2B) induced a higher decrease in the production of bacteriocin than the HHP/T (Fig. 2A) . As can be seen in Figure 2A , all applied sequential treatments HHP/T revealed a maximum bacteriocin production of 6400 AU ml -1 , but with a delay of ca. 3 and 6 hours for HHP(75)/T and HHP(100 and 150)/T, respectively, when compared to both control and the less intense treatment (HHP(50)/T). It is possible that cells become injured in such a way that they need to recover before starting bacteriocin production. The sequence of the treatments was important on the above-mentioned delay, and more notorious for pressure followed by temperature (Fig. 2) . From the sequential treatments of T/HHP, the lowest pressure intense treatment (T/ HHP(50)) was the only one that presented a similar bacteriocin production curve when compared to the control: an increase of bacteriocin production up to a maximum value (6400 AU ml -1 ), followed by a declination (Fig. 2B) . The other sequential T/HHP treatments reached a lower maximum value of bacteriocin production (4800 and 1600 AU ml -1 ), without a declination. It is possible that the antimicrobial activity corresponding to this treatment would increase after 24 h, but it seemed unlikely that it would reach a maximum value of 6400 AU ml -1 . After a sub-lethal heat treatment, cells could become more vulnerable and their baroresistance decrease (RENDUELES et al., 2011) , despite the fact that the cell growth seemed to have recovered from the treatment.
When bacteriocin production per cell (AU CFU -1
) was plotted over time (Fig. 3) , a delay was again observed for pressures of ≥75 MPa. This effect was due to the sequential treatments applied rather than the differences in initial cells counts alone. It was also noticed that 50 MPa treatment, regardless of the application order, induced a higher bacteriocin production per cell (ca. 2.3-fold) than the control, while maintaining the maximum production value (6400 AU ml -1 ), without altering the maximum specifi c growth rate and the maximum reached value (Table 1 ). This increase in bacteriocin production may occur as a response to exposure to sub-lethal pressure conditions, as it has been previously reported that bacteriocin production is stimulated by various stress conditions (NEYSENS & DE VUYST, 2005; ZAMFIR & GROSU-TUDOR, 2009; VRANCKEN et al., 2011) . Nevertheless, the enhancement of the bacteriocin production due to cells exposure to low pressure treatments needs to be further investigated. To our knowledge, this effect has never been reported before.
Bacteriocin production can be also modelled that may further elucidate underlying metabolic regulatory mechanisms and lead to a faster and easier inoculum build-up optimization necessary for ultimate up-scaling. Bacteriocin production increased exponentially (AU CFU -1 =A×e (B×t) ) with a good correlation (R≥0.920). As it can be seen in Table 2 , the order of application of the treatments affected differently the two coeffi cients: coeffi cient A is higher for sequential treatments where pressure was fi rstly applied; coeffi cient B was higher when application of temperature was followed by pressure. Regardless the sequence of the treatment, coeffi cient A presented the highest value for 75 MPa. 
Conclusions
P. acidilactici HA-6111-2 cells revealed to be more sensitive when temperature was applied before pressure, particularly for ≥100 MPa. The growth curves of treated cells were described by the modifi ed Gompertz model, and the maximum specifi c growth rate was pressure dependent. The sequential application of temperature followed by pressure treatments was detrimental to cell growth, while the bacteriocin production per cell was enhanced when low pressure intensities were applied, despite the application order. This effect was attributed to the applied sub-lethal pressure conditions, similar to other stress conditions. The bacteriocin production was described by an exponential model. * Sónia Marília Castro acknowledged fi nancial support (SFRH/BPD/71723/2010) from Fundação para a Ciência e Tecnologia (FCT, Portugal). R. Casquete is the benefi ciary of a grant (PO12018) funded by the Junta de Extremadura, Consejería de Empleo, Empresa e Innovación and co-funded with Fondo Social Europea. The
